The survival after freezing of ice nucleation-active (INA) and genetically engineered non-INA strains of Pseudomonas syringae was compared. Each strain was applied to oat seedlings and allowed to colonize for 3 days, and the plants were subjected to various freezing temperatures. Plant leaves were harvested before and after freezing on two consecutive days, and bacterial populations were determined. Populations of the INA wild-type strain increased 15-fold in the 18 h after the oat plants incurred frost damage at -5 and -12°C. Plants colonized by the non-INA strain were undamaged at -5°C and exhibited no changes in population size after two freeze trials. As freezing temperatures were lowered (-7, -9, and -12°C), oat plants colonized by the non-INA strain suffered increased frost damage concomitant with bacterial population increases following 18 h. At -120C, both strains behaved identically. The data show a relationship between frost damage to plants and increased bacterial population size during the following 18 h, indicating a potential competitive advantage of INA strains of P. syringae over non-INA strains in mild freezing environments.
The bacterium Pseudomonas syringae is a common epiphyte on a large variety of plant species from widespread geographical locations (5, 8, 12, 16-18, 21, 24) . Many pathovars (4) of P. syringae are ice nucleation active (INA) and cause frost damage to sensitive plants through the initiation of ice crystal formation at temperatures as high as -1.5°C (1, 2, 12-14, 16, 18-21) . The damage is caused by ice formation in plant cells which spreads both inter-and intracellularly, resulting in the disruption of cell membranes (3) . The extent of freeze injury to plant leaves is directly related to the log of the number of INA bacteria on leaf surfaces (7, 13, 15, 16, 18, 21, 22) . Reduction of INA bacteria on leaf surfaces decreases plant frost damage at a given temperature (1, 9, 11-13, 15, 16, 19, 21, 25) . In the absence of INA bacteria, herbaceous plant tissues can supercool to temperatures below -5°C before suffering freeze injury (2, 7, 12, 14, 16, 18) .
Ice nucleation-deficient strains of P. syringae have been constructed from INA strains by deletion of a portion of the chromosomal DNA sequence which codes for a membrane protein essential for ice nucleation (14) . These constructed non-INA mutant strains are being evaluated for use in frost control on agricultural crops (9, 11, 14, 15, 19, 23) . Reduction of INA bacteria on leaf surfaces, and therefore reduction of frost damage to plants by the application of non-INA strains, has been shown in several studies (1, 11-13, 15, 19, 20) . Non-INA strains serving as antagonists are most effective in exclusion of INA strains when applied to plants prior to colonization by the INA bacteria (11, 14, 15) . Neither strain appears capable of displacing preexisting populations of the other.
The mechanisms of competition between INA and non-INA strains on leaf surfaces are poorly understood. Knowledge of a potential competitive advantage of one strain over the other would be useful in predicting the outcome of large-scale releases of the non-INA strains for frost control on crops. No differences have been found between the wild-type and deletion mutant strains except for the temperature at which they freeze (11, 14) . However, within the INA * Corresponding author. pathovars of P. syringae examined, naturally occurring non-INA strains are relatively low in abundance (5, 18, 24 Application of bacteria to plants. A single strain of P. syringae, Cit7 or Cit7dellb, was applied to 9-to 11-day-old oat plants. Individual pots of oat plants were spray inoculated by a hand-held plant mister with bacterial suspensions of ca. 5.5 x 10' CFU/ml just until runoff. Bacteria were allowed to colonize plants for 3 days. Plants were maintained as described above.
Plant treatments. Survival of P. syringae Cit7 was measured at temperatures of -5 and -12°C. Strain Cit7dellb was tested at -5, -7, -9, and -12°C. Five replicate pots of colonized oat plants were subjected to freezing on two consecutive days in the -5 and -7°C experiments. For tests at -9 and -12°C, three replicate pots of colonized plants were the maximum number of test plants which could be lowered to the desired temperature because of the cooling limitations of the incubator. Three grams of plant leaves was harvested from each pot of oat plants before the first freeze. Leaves were clipped from plants along a line from the edge of the pot to the center at approximately the same height above the soil. After harvesting 3 g of leaf material from each pot of oat plants (a pot of oat plants will hereafter be designated a plant), the plants were placed in a Lab Line incubator and the temperature was gradually lowered to the desired value and held for 1 h. Plants were warmed to room temperature and removed from the incubator, and the extent of damage was estimated. Three grams of leaf material was again harvested from each plant immediately after freezing. Damaged and undamaged leaves were harvested from plants partially injured by freezing in proportion to the estimated percentage of injury. The procedure was repeated after 24 h. Control plants consisted of two types: colonized plants which were not subjected to freezing and frozen noninoculated plants. In (Fig. 1A and B) . Damage was manifested as flaccidity or discoloration of the leaves upon rewarming of the plants (13) . Although plant 4 in Fig. 1B cates showing discoloration or flaccidity. At freezing temperatures of -12°C, Cit7dellb-treated plants and controls sprayed with sterile distilled water in place of the bacterial solution suffered severe damage comparable to that suffered by Cit7-colonized plants frozen at -5°C. Survival of bacteria. Bacterial population sizes on oat leaves were determined with KBRC medium on two consecutive days both before and after freezing. In repeated experiments, the initial mean population size varied between 105 and 106 CFU/g of plant material for each strain. This variation was due to the approximate nature of the optical density method used to determine the bacterial numbers in the spray solution and variability in the process of spraying bacteria onto the plants. After cooling plants to -5°C ( Fig.  2A) and maintaining the temperature for 1 h. tests showed no significant difference (P > 0.05) in either strain between the means before freezing and after freezing when a paired t test was used. However, the mean population size of Cit7 before the second freeze (BF2, 18 h later) was significantly larger (P < 0.05) than the population mean recovered immediately after the first freeze (AF1). Strain Cit7 showed a 14.2-fold increase in number on damaged plants in 18 h and an increase of 8.9-fold (data not shown; P < 0.01) on coldacclimated plants. The non-INA strain Cit7dellb showed no significant difference in the population means AF1 and BF2 or between any pairs of means from the four treatments.
At freezing temperatures of -12°C (Fig. 2B ), strain Cit7 populations were similar to those in the -5°C trial. There was no significant difference (P > 0.05) in mean numbers recovered BF1 and AF1. In the interval AFI to BF2, Populations of strain Cit7dellb recovered from plants exposed to -120C, unlike populations in the -50C trial, increased by 24.3-fold in the interval AFI to BF2 (P < 0.05). Oat plants colonized by Cit7dellb, which were partially damaged at temperatures of -7 and -9°C, supported bacterial population increases of 6.6-fold (P < 0.01) between AFI and BF2 in the -7°C tests (Fig. 3A ) and 3.1-fold (P > 0.05) in the -9°C tests (Fig. 3B) . The smaller three-replicate plant sample sizes required in the -9 and -12°C trials resulted in population increases 18 h after freezing considered insignificant in two cases in which populations had increased by 3-and 15-fold (Cit7dellb, -9°C; Cit7, -12°C), respectively. These apparent contradictions were not observed in trials with five replicate plants.
Freezing had no deleterious effect on the survival of either bacterial strain at any of the temperatures tested. The differences in mean numbers of bacteria recovered BF2 and AF2 were insignificant for both strains in all experiments. Likewise, the population differences BF1 and AFI were insignificant for all freeze temperatures with the exception of Cit7dellb at -12°C (P < 0.01).
Experimental controls. In contrast, in test tubes containing individual potato leaves in buffer which were frozen at -5°C for 1 h, there was no effect of freezing conditions on the survival of both strains of bacteria on potato leaves.
The approach taken in these experiments was designed to more closely approximate natural conditions by measuring survival of each strain on oat plant leaves before and after freezing of the entire plant without submersion in water or buffer. Freezing temperatures alone had no effect on survival of either strain for the four temperatures tested, a result in agreement with the -5°C freeze data from potato leaf experiments (14 
